[1] Liquid saturation and gas-liquid interfacial area are important parameters for evaluating the transport and fate of contaminants in unsaturated subsurface environments. Recent findings indicate that interfacial surface area controls the relative degree of transmitted light in laboratory systems containing translucent porous media. Equations are derived to estimate the specific gas-liquid interfacial area from the area under the primarydrainage branch of the S eff -h characteristic curve as parameterized using common water retention functions. The total area under the curve provides the maximum available specific gas-liquid interfacial area available at residual saturation, which can be incorporated into the relationship to determine the gas-liquid interfacial area at intermediate degrees of saturation via light transmission. Experimental results, and analysis of external data sets, support these findings. Closed-form relationships are presented as enhancements to a recent method for determination of liquid saturations above residual using light transmission. A physically based model is developed and tested for the quantification of liquid contents below residual saturation.
Introduction
[2] With the advent of modern digital cameras and powerful inexpensive computing resources, quantitative digital imaging methods have permeated virtually all fields of science and engineering. In the area of nondestructive, noninvasive laboratory measurement of liquid saturation in translucent porous media, methods utilizing the degree of transmitted light have gained considerable appeal [e.g., Niemet and Selker, 2001; Darnault et al., 2001 Darnault et al., , 1998 Mortensen et al., 2001; Kechavarzi et al., 2000; DiCarlo et al., 1999; Weisbrod et al., 2002] . Until recently, the use of light transmission has been less desirable, in most instances, to more traditional electromagnetic measurement methods such as gamma ray [Oostrom et al., 1998; Gardner, 1986] and X-ray attenuation Tidwell and Glass, 1994; Liu et al., 1993] . The reasons for this are primarily threefold: (1) physical/optical limitations, (2) difficulties in gravimetric calibration of the system, and (3) the lack of robust physical models, free of empirical fitting parameters, which accurately predict the degree of liquid saturation from the degree of transmitted light.
[3] Because of the relatively low energy of visible light, much thinner sample sections are required for light transmission systems than for gamma ray and X-ray systems. Also, the media must be sufficiently translucent to allow a readily quantifiable fraction of the source light to transmit through the sample. The planar containment boundary in two-dimensional (2-D) systems results in the particle packing adjacent to the containment sheets being less dense than within the body matrix. This could potentially result in the short-circuiting of flow through the pores adjacent to the boundary walls under saturated conditions. However, under unsaturated conditions, flow would tend to occur primarily in the smaller pores, away from the walls. In excessively thin 2-D sample sections, the ability to obtain a maximum packing density between containment sheets may be hindered, effectively altering the properties of the porous media throughout. Given these considerations, it is important to ensure that the average porosity with a 2-D light transmission system is similar to that observed in 3-D packs of the same material.
[4] To correlate light transmission to measured gravimetric values of liquid saturation requires gravimetric measurements of the order of a millimeter to capture the rapidly changing character of most sands between residual and complete saturation. Also, undisturbed samples are difficult to obtain from within the light transmission chambers. The primary factor holding back the development of physical models relating light transmission to liquid saturation is that light attenuation through the porous media is not entirely controlled by absorption through the liquid, solid, and gaseous phases within the porous media (Beer's law absorption), as is the case with the higher-energy electromagnetic methods. Light is also lost at the interfaces between phases (Fresnel losses).
[5] Recently, a physical model was developed based on the premise that the degree of light transmission, relative to saturated conditions, is controlled by the fraction of available gas-liquid interfacial area exposed within the measurement volume [Niemet and Selker, 2001] . The assumption of uniform-sized pores was avoided since the pore size distribution of a particular media is implicitly contained within the characteristic curve of relative light transmission versus capillary pressure head, between residual and complete saturation. All of the parameters needed to completely characterize this model for a particular media were obtained from this single characteristic curve. The accuracy of this model, and the system employed, was conservatively estimated to be within ±2.3% saturation over the entire domain under both drainage and infiltration experiments.
[6] The method described above requires the numerical integration of the discrete data points which comprise the relative light transmission versus capillary pressure head curve, between residual and complete saturation. This result is then fit with a fourth-order polynomial in order to relate saturation to any degree of light transmission, provided the liquid saturation is above residual. An alternative approach would be to fit the discrete light transmission versus capillary pressure head data with a continuous function at the outset, and then the function can be integrated analytically to obtain a closed-form solution between light transmission and liquid saturation. Consideration of liquid contents between residual and complete saturation is sufficient for most experimental needs. However, certain situations require the determination of saturations below residual, such as in experiments involving vapor transport from residually saturated media [Kelly and Selker, 2001; Weisbrod et al., 2000] .
[7] In this paper our primary objectives are (1) to further explore the relationship between gas-liquid surface area and light transmission, and examine the potential of light transmission as an analytical tool to measure the gas liquid interfacial area in unsaturated porous media; (2) to develop and test a physical model to predict liquid saturation from light transmission for saturations below residual; and (3) to present closed-form solutions relating liquid saturation to light transmission based on the widely used Brooks and Corey [1964] and van Genuchten [1980] water retention functions.
Gas-Liquid Interfacial Area
[8] The gas-liquid interface plays a crucial role in the transport of nonaqueous phase liquids (NAPLs), colloids, bacteria, and other contaminants in unsaturated porous media since these components often tend to adsorb to interfacial surfaces [Bradford and Leij, 1997; Schäfer et al., 1998 ]. In two-fluid systems (e.g., solid, liquid, and gas phases), the maximum degree of gas-liquid interfacial area available for a particular porous medium occurs at, or near, residual liquid saturation. Standard analytical methods are available for measuring the surface area of a porous medium based on molecular adsorption and the resulting physical and chemical responses [Carter et al., 1986] . However, these measurements include the surface area of internal micropores and other small defects in the particle grains and can yield surface areas that may be much larger than those pertinent to fluid flow and contaminant transport [Bradford and Leij, 1997] . In the following discussion it is assumed that microporosity does not contribute to the effective surface area of the particles when continuous liquid films are ubiquitous. This is taken to be the case at residual liquid saturation, where the gas-liquid surface area approaches the surface area of the particles and the liquid film covers the particles in a uniform, very thin film.
[9] Geometrically based relationships have been presented to estimate the total surface area for any packing of spheres [Gvirtzman and Roberts, 1991; Bear, 1972] . The particle surface area per unit bulk volume of packed spheres, M, is given by [Bear, 1972, page 
where A T /V B is the total interstitial surface area per unit bulk volume of the pore space, " r is the harmonic mean radius of the spheres, and f is the porosity. It follows, then, that for porous media whose harmonic mean radius approaches its arithmetic mean,
where d 50 is the mass-based mean particle diameter. Note that since these equations assume smooth spherical particles, the total specific surface area is representative both of the surface area of the particles under dry conditions and the air-water interfacial area under residually saturated conditions, if the liquid film is assumed to be negligibly thin.
[10] Cary [1994, equation (4) ] noted that the total specific air-water surface area of a porous medium could be determined from the water retention relation based on the capillary tube analogy. Expressed in the notation used here, the relationship is
where r is the density of the liquid (water), s is the surface tension of the liquid, g is the gravitational constant, and S eff is the effective liquid saturation.
[11] For liquid saturations above residual, various other models for predicting gas-liquid interfacial area have been presented based upon the areas of concave interfaces [Frankenfield and Selker, 1994; Gvirtzman and Roberts, 1991; Skopp, 1985] , a pore-scale network model [Reeves and Celia, 1996] , and thermodynamics [Bradford and Leij, 1997; Miller et al., 1990; Leverett, 1941] . Surfactant adsorption has also been used for laboratory measurement of gas-liquid interfacial area in porous media [Shaefer et al., 2000; Saripalli et al., 1997; Kim et al., 1997; Karkare and Fort, 1996] .
[12] Niemet and Selker [2001] suggested that the relationship between the exposed fraction of gas-liquid interfacial area A/A T to the relative degree of light transmission through porous media was given by
where I is the intensity of transmitted light under the condition of interest. I s and I res are the transmitted intensities under saturated and residual liquid saturation, respectively. A nearly linear correspondence was observed between the log-scaled relative degree of light transmission and water saturation, suggesting a linear relationship between air-water interfacial area and saturation as well, as indicated by equation (4). This was supported by the observations of Schaefer et al. [2000] and Kim et al. [1997] , which showed a nearly linear relationship between air-water interfacial area and saturation following drainage from fully saturated conditions.
[13] Another approach to determine the gas-liquid interfacial area can be derived from a distribution of spherical pores. The assumption of spherical pores may be geometrically simplistic; however, it maintains that the pores are discrete and symmetrical in all three dimensions, while being readily applicable to the classical drainage relationship for porous media. Provided the media is draining from saturation, the Laplace equation (contact angle = 0°) defines the pore radius r that will drain at a specific pressure head h h ¼ 2s
Given the volume and surface area of a sphere are (4pr 3 )/3 and 4pr 2 , respectively, the volume to surface area relationship for a single spherical pore that will drain at pressure head h is
where A r and V r are the effective surface area and volume of the pore. Equation (6) is a factor of 1/4 less than a similar equation presented by Niemet and Selker [2001, equation (17) ]. The difference is a result of being based on the crosssectional area of a sphere rather than the surface area, which differ by a factor of 4.
[14] During drainage the pores drain sequentially from largest to the smallest. Equation (6) can be rewritten as a differential to express the incremental contribution of a single pore within a continuous range of pores as
where V p and A p represent the total effective drained pore volume and surface area, respectively, within the range of pore sizes considered. The incremental drained volume, dV p , is related to the incremental change in effective saturation S eff as follows:
Combining equations (7) and (8) and solving for d A p yields
The specific gas-liquid surface area A/V B can be determined by integrating equation (9) as follows:
[15] Note that equation (10) is 1.5 times greater than the results of Cary [1994] , presented here as equation (3), which was derived under the capillary tube analogy. Geometrically, this is to be expected since the specific volume of a sphere is a factor of 1.5 greater than that of a cylinder of the same radius. The total specific gas-liquid interfacial area, A T /V B , can be found by integrating equation (10) from complete to residual saturation. The integral in equation (10) represents the area under the S eff -h characteristic curve. Therefore equation (10) indicates that the specific surface area is proportional to the area under the effective saturation characteristic curve, integrated from S eff = 1 toward the dry end, provided the media is drained from saturation. It is important to observe that since equation (10) is expressed in terms of the primary drainage curve, it is not capable of handling the effects of rewetting; however, the total gasliquid surface area at residual saturation is largely determined by the specific surface area of the particles and thus is not affected by hysteresis. The proportionality of the airwater interfacial area to the area under the characteristic curve was observed experimentally by Bradford and Leij [1997] .
[16] The specific surface area can be computed numerically given a set of discrete S eff versus h data points, or determined analytically from solution of a continuous function that characterizes a particular media (e.g., Brooks and Corey [1964] or van Genuchten [1980] ). The typical S eff -h form of the Brooks and Corey equation is
where l is an empirical fitting parameter that is optimized along with the air-entry pressure head h d such that a best fit is obtained to the data. For h < h d , (h d /h) = 1. Substitution of equation (11) into (10) and integrating with respect to S eff yields
Similarly, for a van Genuchten type function of the form
where a, m, and n are empirical fitting parameters, solving equation (13) for h, substituting into (10), and integrating with respect to S eff yields
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Using the substitutions u = S eff 1/m , w = m À (1/n), and z = 1 + (1/n) yields
where:= 0 u 1. From standard identities, equation (15) can be expressed as
where B(w, z) represents the beta function of w and z and I u (w, z) is the incomplete beta function of w and z [Abramowitz and Stegun, 1965, pp. 258 and 944] .
Liquid Saturation
[17] As noted in equation (4), the exposed fraction of gasliquid interfacial area dictates the relative degree of light transmission through porous media. Given this relationship, and certain assumptions, closed-form solutions can be derived relating the degree of liquid saturation to light transmission through unsaturated translucent porous media. However, separate relationships are required for conditions above and below residual saturation.
Saturation Above Residual
[18] The effective degree of saturation is related to light transmission as described by Niemet and Selker [2001] for saturations above residual
where
then represents the log-scaled relative degree of light transmission. Numerical integration of the -h data set in equation (17) results in a set of discrete points relating light transmission to effective saturation. These data can then be fit by a fourth-degree polynomial to obtain a continuous S eff -relationship, such that
where a, b, c, and d are empirically determined coefficients. The absolute saturation S can be determined as follows:
[19] An alternative approach, presented here, is to fit the -h curve with a continuous function, then solve equation
where for h < h d , (h d /h) = 1. The prime was added to l to avoid confusion with the similar parameter fit to the S eff -h curve in equation (11); however, h d is the same for both equations. Solving for 1/h yields
Integrating both sides with respect to and substitution into equation (17) yields
S can then be determined from S eff by means of equation (20) using only one fitting parameter instead of four.
[21] The van Genuchten model can be applied to the -h curve as follows
Again, the prime notation is used to avoid confusion with parameters unique to the S eff -h equations. Solving for 1/h yields
and taking the integral of both sides with respect to results in
Using the substitutions
Equation (17) can now be represented in terms of u 0 as 
S can be determined from S eff by means of equation (20).
Saturation Below Residual
[22] Consider a porous medium to be represented by pores of various sizes and that at residual saturation, all pores are drained but the solid surfaces remain coated by a thin, continuous film of liquid. Once the media dries past this point, a solid-gas interface is created where there were previously liquid-gas and solid-liquid interfaces. By incorporating the absorptive and interfacial losses, the degree of transmitted light relative to a source intensity, I 0 , through completely dry, completely saturated, and residually saturated porous medium (I d , I s , and I res ) are [Niemet and Selker, 2001] :
respectively, where a p is the absorption coefficient of the solid particles; d p is the average diameter of the pores; k is the number of pores across the media thickness; t pl is the transmittance of the solid-liquid interface; t pg is the transmittance of the solid-gas interface; and t lg is the transmittance of the liquid-gas interface.
[23] Defining Ŝ eff as the effective degree of saturation between residual saturation and air-dry conditions (i.e., Ŝ eff = 1 when S = S res and Ŝ eff = 0 when S = 0), then if the film thickness is considered to be constant throughout the media, Ŝ eff represents the extent of film coverage. A general light transmission equation for liquid saturations between dry and residual extremes, which accounts for losses at all possible interfaces, can be expressed by
Note that equations (30) through (32) are special cases of (33). Dividing equation (33) 
The latter form of equation (35) 
[24] The error associated with light transmission measurements of liquid saturation above residual saturation was reported to be within 2.3%. The error, stated in this way, suggests that a similar technique may not be applicable to liquid saturations below residual, which is generally less than 6%. However, the reported error value represented an overall systematic error, by comparing the accuracy of the sum of all measurements within the domain to a known overall volumetric change in water. This error value in no way suggests that the system is not able to quantifying changes in saturation below 2.3%. The dynamic range of a typical 14-bit digital charge-coupled-device (CCD) camera is capable of statistically quantifying changes in light intensity of less than one part in 16,000. However, the accuracy of a measurement at a single pixel is subject to many different noise elements. Weisbrod et al. [2002] determined the pixel-to-pixel saturation variability (±3 standard deviations) in a similar system to be about 2%. When looking at the volumetric change in water over a large region of pixels the random noise is eliminated in the summation process.
Materials and Methods
[25] A 2-D light transmission system similar to that of Niemet and Selker [2001] was used in all experiments and consisted primarily of a chamber, light source, and detector. A front view of the light transmission chamber is shown in Figure 1 , whose sand-packed region dimensions were 1 cm thick Â 45.5 cm wide Â 45.5 cm high. The laboratory environment which contained the system was thermostatically maintained at 21.5 ± 1.0°C. A thermoelectrically cooled, 14-bit, gray scale, 768 Â 512 pixel, CCD camera (ISI Systems, Santa Barbara, California) was used to quantify light transmission, except for the drying below residual experiment, where a liquid-cooled, 16-bit, gray scale, 512 Â 512 pixel CCD (Princeton Instruments, Trenton, New Jersey) was used. A 620-nm center-wavelength, 10-nm band-pass, filter (Oriel, Stratford, Connecticut) was employed to limit the chromatic range of quantification. Aperture settings ranged from F4 to F8, and exposure times varied from 0.5 to 1.8 s depending on the camera and sand grade. Each pixel on an image represented 1 mm 2 of porous media for both systems.
[26] The porous media used was Accusand (Unimin, Le Sueur, Minnesota) silica sands in 12/20, 20/30, 30/40, and 40/50 grades. The average particle diameters (d 50 ) for these sands are 1.105, 0.713, 0.532, and 0.359 mm, respectively. Major physical properties of the sands are summarized by Schroth et al. [1996] . Preparations for all experiments consisted of dry packing the chamber with sand and subsequent saturation with distilled water. For each packing, preexperimental light transmission images were obtained under dry and saturated conditions. Bias and dark signal contributions were removed from all raw data images prior to the saturation calculations by subtracting an image of equal exposure time obtained with the source lighting off. Water saturation was determined for each point on an image (pixel) within the media-filled region by either equation (20) or (36), depending on whether the relative degree of light transmission was greater than or less than the average value of I res /I s for that pack (Table 1) .
[27] A set of experiments was performed to obtain the light transmission versus pressure head curves for each of the four sand grades. These were carried out by first slowly removing water from the saturated chamber's lower drainage port with a low-flow valveless piston pump (FluidMetering, model RH0CKC). The rate was such that the zero-pressure level, measured with a piezometer, was at the chamber's lower boundary after 48 hours (between 5 and 11 mL/h, depending on sand grade). Since the drainage rate was very slow and uniform, the systems were assumed to represent hydrostatic, primary drainage conditions. Images were taken of these variably saturated systems, which ranged from residual saturation at the upper boundaries to completely saturated near the lower boundaries.
[28] To test the ability of equation (36) to accurately predict water saturations below residual, a drying experiment was performed with 40/50 sand. In this case, following saturation the chamber was drained over the course of an hour with a peristaltic pump. Subsequently, the pumping rate was increased about fivefold to remove most of the water that remained in the capillary fringe at the bottom of the chamber, within the plenum beneath the lower manifold screen, and in the tubing. At this point, the chamber was entirely unsaturated with a portion remaining above residual saturation near the lower manifold boundary. An image was obtained of this condition. Next, a closed recirculating system was established with a desiccating flask filled with Dryrite (Hammond, Xenia, Ohio) as shown in Figure 1 . The drying process was initiated by pumping gas in the clockwise direction at about 1.2 L/min such that vapor-laden air from the pore space was dried in the desiccator and then recycled back into the chamber through the lower port. The mass of water removed from the chamber was monitored by periodically weighing the desiccating flask until the media was dry. Images were obtained simultaneously with the mass measurements. The pump and source lighting were shut down overnight and restarted on subsequent days.
[29] The total volume of resident water V in the chamber for each image was computed by summing over all pixels
where, V pix is the bulk volume of chamber space occupied by a pixel and f is the porosity of the packing. The predicted water removed from the chamber at any point in time (ÁV ) was computed by the difference between the predicted volume for the image prior to the initiation of drying (V 0 ) and the predicted volume for the image of interest (V i )
Results and Discussion

Gas-Liquid Interfacial Surface Area
[30] The S eff -h characteristic curves for the four sands are shown in Figure 2 and were obtained through numerical integration of the -h data in equation (17) by the trapezoid rule. The total areas under these curves are summarized in Table 2 . The total specific air-water interfacial surface areas, A T /V B , for the four grades of Accusand are also shown in Table 2 , computed using equations (2) and (10). The density and surface tension of the distilled water employed were measured to be 0.993 g/cm 3 and 72.8 dynes/cm [Weisbrod et al., 2002] .
[31] The values computed from equation (10) (2). Note that the capillary tube based equation (3) predicts exactly 1.5 times less total specific surface area than equation (10), which is within the range of values predicted by equation (2). For the given mean grain diameters, the specific surface areas determined by equation (2) fall within the range presented by Gvirtzman and Roberts [1991] for cubic and rhombohedral packs of identical spheres. Schaefer et al.
[2000] measured a total airwater interfacial area at residual saturation for 40/50 Accusand of about 200 cm 2 /cm 3 using an anionic surfactant method [Saripalli et al., 1997] , which is only 1.5% above the value of 197 cm 2 /cm 3 computed using equation (10) for the 40/50 sand used here.
[32] The average area under the primary drainage characteristic curves of Schaefer et al. [2000] was about a factor of 3 less than observed here. The two sodium dodecyl benzene sulfonate (SDBS) solutions employed by Schaefer et al. [2000] had surface tensions of 44 and 28 dynes/cm, whose lower surface tension (36, on average, versus 72.8 dynes/cm for pure water) along with a higher porosity (42 versus 33% here) explain the lower capillary rise. The average area under the curve, surface tension, and porosity from Schaefer et al. 
where m S is the mass of sand and r S is the particle density (2.663 g/cm 3 for 40/50 Accusand [Schroth et al., 1996] ). Calculated in this way, the total specific surface area is independent of porosity. For the 40/50 data presented here, the total specific surface area of 197 cm 2 /cm 3 corresponds to 112 cm 2 /g of dry sand, which is 1.8% above the value determined by Schaefer et al. [2000] . The similarity of the total surface area per gram of sand between these two independent experiments is supportive of the ability of equation (10) to accurately predict total gas-liquid surface area.
[33] Although the Accusand particles have a sphericity of 0.9 [Schroth et al., 1996] , microscopically their surfaces are (2) and (10) Sand Area Under S eff -h Curve (cm), Figure 2 Equation (2) Figure 2 . Capillary pressure head versus effective saturation for the four grades of Accusand.
rough and irregular. These imperfections are not accounted for in the models based on perfect spheres (i.e., equation (2) and the data presented by Gvirtzman and Roberts [1991] ), which may help to explain why these models underpredicted the total specific particle surface area by about 60% relative to equation (10) and that measured by Schaefer et al. [2000] . Of course, the particle surface area including internal micropores is much larger; however, this surface area is isolated and is likely not of concern for processes influenced by the gas-liquid interface.
[34] The log-scaled degrees of light transmission appear to be linearly related to the inverse of the mean grain diameter for both the ln(I res /I s ) and the ln(I d /I s ) as shown in Figure 3 . This is to be expected if the interfacial surface area, either air-water or air-solid, is controlling the relative degree of light transmission, since these grades of Accusand have been shown to be geometrically similar [Schroth et al., 1996] . Equation (2) indicates that A T is proportional to 1/d 50 , which is not supported by the data in Figure 3 since the linear extrapolations do not pass through the origin. Examination of (10) reveals that A T is proportional to 1/d 50 only when the resulting pore sizes are symmetrically distributed on a volumetric basis; that is, the pores above and below the mean pore size have equal capacity. This determination can be made by inference between capillary head and pore size through the Laplace equation for primary drainage (equation (5)), and recognizing that the mean pore size is proportional to the mean particle size. From Figure 2 it is apparent that the pore sizes of the four Accusands are not symmetrically distributed, further supporting the applicability of equation (10) over (2) in these sands.
[35] It is interesting to note that the ratio of the ln(I res /I s ) to the ln(I d /I s ) is nearly constant for all sands, as shown in Figure 4 . It can be shown by combining equations (30) through (32) 
The constant C t is determined by the relative transmittances of the solid, liquid, and gas interfaces, and is equal to approximately 0.64 for these sands. Equation (40) can be useful in cases where one of the necessary light transmission images for the determination of liquid saturation is unavailable (I s , I d , or I res ).
Closed-Form Solution for Saturations Above Residual
[36] Best fits of both the Brooks and Corey (shaded lines; equation (23)) and van Genuchten (solid lines; equation (29)) models are shown in Figure 5 to the primary drainage -h data for the four grades of Accusand. The two empirical approximations are nearly indistinguishable for the coarser sand grades (12/20 and 20/30) , except in the vicinity of the air-entry pressure head. The van Genuchten model fits the data slightly better for the finer sands in the dry end. Table 3 lists the optimized parameters for both models. The incomplete beta function I 
Saturations Below Residual
[37] A comparison of the predicted versus measured water removed from the chamber is shown in Figure 6 . The correlation is perfect within the first two decimal places, R 2 = 1.00, if the first three data points are disregarded. These three points were obtained before the installation of a convective heater and drop tube (Figure 1 ). These items prevented the condensation of water in the tubing between the chamber and desiccator, and the region of the chamber above the sand, resulting in water that was removed from the sand in the chamber not being measured in the desiccator.
[38] Pumping dry air upward through the chamber caused the sand pack to dry from the sides and top edges toward the center. Figure 7 shows the saturation distribution in the chamber at an intermediate stage of the experiment. This drying pattern was caused by the diversion of gas flow around the relatively wet sand near the lower manifold to the outer edges, where a preferential path was established along the O-ring seals. The sand near the outer edges dried first, establishing a self-propagating high-conductivity gas conduit.
[39] Since a mass balance was performed over the whole sand-filled domain the pattern of drying was not of primary concern in this experiment. The goal was to achieve a situation where a significant portion of the media was between residual saturation and air-dry conditions. The resulting drying pattern was fortuitous from this standpoint in that the drying rind covered much more area than the anticipated horizontal, upward advancing, drying front. Figure 8 presents the water in the chamber that existed above and below residual saturation for each transmission image taken throughout the drying experiment. The amount of water present in the chamber below residual saturation increased and plateaued at about 14 mL, then dropped to zero, while the water above residual saturation continuously declined over the course of the experiment. Overall, about 147 mL of water were removed from the chamber intermittently over a 6-week period in a series of ten $5-hour cycles, with the last cycle running overnight until dry.
Summary and Conclusions
[40] Quantification of liquid saturation and gas-liquid interfacial area is often essential in studies involving unsaturated porous media. In this work a relationship was developed to estimate the total available specific air-water interfacial area (at residual saturation) of a porous medium from the primary drainage pressure-saturation characteristic curve. The relationship was shown to accurately reproduce the results of a separate independent study, as opposed to other methods for the measurement of air-water interfacial area at residual saturation. Further research is needed to evaluate the effectiveness of this model throughout the full range of the primary drainage curve, as well on hysteretic loops. (21)).
[41] Past work has indicated that the fraction of gas-liquid interfacial surface area exposed at a given liquid saturation controls the relative degree of transmitted light. The accurate prediction of liquid saturation obtained with this method, throughout the full range of saturation, suggests a link between liquid saturation and gas-liquid interfacial area under the specific conditions considered. This link is based on surface area to volume ratio for the specific pore geometry, as illustrated in equation (6). The results of this work showed a linear correspondence between the logscaled relative degree of light transmission and the inverse of grain size, under dry and residually saturated conditions. This is to be expected for geometrically similar media, such as those used in this study, provided light transmission is representative of the interfacial surface area.
[42] Two closed-form solutions were presented relating liquid saturation to light transmission above residual saturation. The previously published method requires numerical integration of the -h characteristic curve to establish this relationship, followed by a subsequent fit with a fourthorder polynomial to obtain a continuous solution. The analytical solutions presented here utilized the commonly used functional forms presented by Brooks and Corey [1964] and van Genuchten [1980] to fit the -h data, and produced results essentially identical to the numerical approach. [43] A physical model was developed and tested to quantify liquid saturation below residual from the relative degree of light transmission. Again, exposed interfacial area controls the process; however, in this case, the gas-liquid films give way to less transmissive gas-solid interfaces, resulting in a discontinuous relationship between light transmission and saturation between air-dry and fully saturated conditions. An accurate mass balance was achieved in an experiment where nearly 150 mL of water were evaporated from a sand-packed chamber, where most of the pack was initially near residual saturation. A separate model was used for locations that were above residual saturation. Figure 9 illustrates the discontinuous behavior of the relative degree of light transmission over the full range of saturation for the four grades of sand. The transition between the two light transmission processes is apparent at the point (I res /I s , S res ), which occurs around 5% saturation.
[44] In laboratory systems, light transmission holds great promise as a nondestructive, noninvasive, analytical tool to measure the full range of liquid saturation and gas-liquid interfacial area accurately and efficiently. This is of interest in a multitude of studies, such as the partitioning of solutes and microorganisms to interfacial surfaces, and vapor transport from residually saturated porous media. 
